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Creating HEDP conditions: Laser pulses
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Creating HEDP conditions: Laser pulses

2018 Nobel prize for 
Physics awarded for 
CPA development
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Chirped Pulse Amplification (CPA)



Creating HEDP conditions: Laser pulses
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LaserNetUS:
Leading facilities span high impact laser regimes

• 10 high power laser facilities
• Includes the 6 most powerful lasers

housed at Universities
• Highest powers exceed 1 petawatt
• Dedicated to the proposition that ALL research groups 

should have access to the brightest light



Time scales
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Laser intensity

Omega EPHercules

(Per beam)

Energy, 𝐸! 15 J 500 J 5000 J

Pulse duration, 𝜏! 30 fs 1 ps ~10 ns

Focal spot radius, 𝑟 1 µm 10 µm 0.5 mm

Intensity 10"" Wcm-2 10"# Wcm-2 10$% Wcm-2

𝐼 =
𝐸!

𝜏!𝜋𝑟"

very simplistic 
calculations… NIF



Laser intensity: 1021 Wcm-2

Human hair radius
≈ 25 µm

Earth diameter = 6371 km
Power of sun on Earth = 180 TW
c.f. US grid capacity = 1.12 TW

Solar intensity at Earth surface ≈ 1.4×10&% Wcm-2

Intensity ≈ 10"$ Wcm-2



Laser electromagnetic fields
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For 𝑎 > 1, we can generate a relativistic plasma
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Why study high intensity laser-plasma interactions?
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Light pulse

Our “Tool”

Miniaturize accelerators
Unique, ultrashort, 
extremely bright
particle & photon 

sources

~cm

laser gas

3.2 km

SLAC

42 GeV electrons

5 GeV electrons

Probing basic plasma physics

Broader applications…



Applications for particle and light sources

Medicine Industry

National security

Discovery science

Energy and 
environment

Accelerators 
and

light sources



Radiation from high intensity laser-plasma interactions

Attosecond pulse generation

 NEWS & VIEWS

nature physics | VOL 2 | JULY 2006 | www.nature.com/naturephysics 439

RELATIVISTIC PLASMAS

X-rays in a fl ash
X-rays enable the structure of matter to be imaged with near-atomic 
resolution, but the continuous output of conventional X-ray sources prevents 
rapidly evolving changes in the material’s structure to be followed. The 
emission of a train of attosecond X-ray pulses from a laser-driven relativistic 
plasma could solve this limitation.

ALEXANDER PUKHOV
is at the Institut für Theoretische Physik I, Heinrich-Heine-
Universität Düsseldorf, 40225 Düsseldorf, Germany.
 e-mail: pukhov@thphy.uni-duesseldorf.de

So!  X-rays with energies in the range of 100 
to 1,000 eV and wavelengths of between 1 
and 10 nm provide an indispensable tool 

for studying matter at the molecular level. " is is 
especially so for biological and so!  materials where 
alternative high-resolution imaging techniques, such 
as electron microscopy, cause excessive material 
damage or require the samples to be placed in a 
vacuum. But in order to study the rapid changes 
that can occur in a sample over time — such as the 
chemical reaction of a molecules on the surface of 
a catalyst or the metabolic processes taking within 
a living cell — more-convenient sources of intense 
pulses of so!  X-rays than currently exist must be 
developed. On page 456 of this issue, Dromey and 
colleagues1 report the # rst steps towards realizing such 
a source by exploiting the extreme nonlinear optical 
response of the edge of a solid target converted into 
relativistic plasma by a pulsed petawatt laser.

Currently, the brightest and most readily available 
source of so!  X-rays of su$  cient intensity to probe 
the atomic structure of matter is the synchrotron. 
Synchrotrons generate X-rays as a result of the 
deceleration of high-energy electrons as they travel 
around a circular accelerator ring. However, this 
radiation is continuous, incoherent and has a broad 
spread of energies and wavelengths. A consequence 
of this is that they provide only static, time-averaged 
pictures of the samples they are used to probe, 
putting many important chemical and biological 
processes beyond reach. Free-electron lasers are 
among the most promising alternative sources of 
intense pulsed X-rays for overcoming the limitations 
of synchrotron radiation; in this method, short bursts 
of electrons are accelerated in a linear con# guration 
and sent further through a ‘wiggler’, where the 
radiation is generated. Two such devices are already 
under construction in the USA (the Linac Coherent 
Light Source at Stanford) and Germany (the X-FEL 
project at Hamburg). But their size, being based on 
accelerators several kilometres long, and expense 

— measured in billions of dollars — places severe 
constraints on their accessibility and use.

" e approach demonstrated by Dromey et al. is 
qualitatively di% erent from that of these accelerator-
based devices. It begins by focusing an intense, 
sub-picosecond pulse from the VULCAN petawatt 
laser onto the surface of a solid target (see Fig. 1) and 
converts it into plasma instantaneously. Owing to the 
short duration of the driving pulse, the plasma has no 

Surface electrons rotate 
at relativistic orbits

Intense laser pulse

Train of attosecond
X-ray pulses

Observer

Solid target

Figure 1 Generating attosecond X-rays from a laser-driven relativistic plasma. The immense fi elds 
produced by focusing a short petawatt laser pulse onto the surface of a solid target instantaneously 
generates a plasma and drives the electrons within it into relativistic orbits. When the velocity of these 
oscillating electrons point in the (specular) direction of the observer, their collective motion at close 
to the speed of light translates into a sharp jump in the relativistic γ-factor of the plasma surface as 
a whole. Refl ection of the incident laser from the relativistic spikes generates a train of attosecond 
harmonics with X-ray wavelengths below 4 nm and well into the so-called ‘water window’.

!"#$%&!'()(*+",-!./-!00111234!"#$%&!'()(*+",-!./-!00111234 556*6(*1117(85582419:556*6(*1117(85582419:

Nature  Publishing Group ©2006
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Diagnosing plasma physics: probing
Dr Merritt: “One of the biggest challenges of HED science is to make and 
measure a high energy system in a lab” à Diagnostics must be very fast

Emission

Photons

Particles
• Electrons
• Protons
• Ions
• Neutrons
• Positrons

External probe

Optical (laser)

X-rays

Particle beam

𝒏𝒆?
𝑻𝒆?

EM fields?
Ion species?



Diagnosing HED plasmas
NIF Advanced Radiographic Capability (ARC)

OMEGA EP

Z-Beamlet



Laser Wakefield Acceleration (LWFA)
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Laser Wakefield Acceleration (LWFA)

> 1000 papers since 2000 (Web of Science)

Experiments routinely demonstrate GeV 
electron beams from cm scale plasma
i.e. 100 GeV/m acceleration gradients

Femtosecond duration

O Lundh, et al., Nature Physics, 7, 219 (2011)

Electron beam properties
100 pC charge

C McGuffey, et al., PRL, 104, 025004 (2010)

Quasi-monoenergetic
W Leemans, et al., PRL, 113, 245002 (2014)

µm source size
/ small emittance

normalized rms beam 
transverse emittance 
<0.5𝜋 mm mrad

S Kneip, et al., PRSTAB, 15, 021302 (2012)



“Bubbletron” or betatron radiation

S Corde, et al, PPCF, 54, 124023 (2012)

S Kneip, et al, HEDP, 8, 133 (2012)

LWFA x-ray sources are as bright as 
conventional 3rd generation light sources

NATURE PHYSICS DOI: 10.1038/NPHYS1789 LETTERS

0.5 mm

5 µm

3 µm

50 µm

20 mrad 5/20/50 µm wire 20 µm Ag foil50/100/250 µm wire

20 µm Ag foil

5/20/50 µm wire
a

b

c

d

e

f

g

h

i

j20 mrad 0.5 mm0.25 mm

Figure 1 | The quality of the X-ray beam is assessed by measuring its profile and imaging microscopic objects. a,b, Single-shot X-ray beam profile (a) and
sum of five consecutive shot profiles (b) show the imprint of a wire grid and a 4⇥ 13mrad2 beam with 5mrad pointing stability. c–h, X-ray radiographic
images of wire triplets and a resolution test target. The objects contain features as small as 3µm, which are resolved on the radiographs, indicating a
betatron source of size ⇤3 µm. i,j, Photographic images of the smallest wire triplet and resolution test target, from which the various feature sizes
were obtained.
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Figure 2 | The X-ray source casts a shadow of a half-plane on the detector. a, Close-up of measured intensity distribution (black squares) integrated along
the edge of the half-shadow (inset) and exemplary intensity distributions using Fresnel diffraction modelling, for a source with Gaussian intensity
distribution and synchrotron spectrum Ecrit/wx of 8 keV/1 µm (solid red), 8 keV/3 µm (dashed green), 2 keV/1 µm (dash–dotted blue) and 8 keV/6 µm
(dotted grey). b, Series of measured intensity distributions corresponding to shots with decreasing source sizewx (from modelling) and fringe visibility. The
numbers are the 95% confidence interval of the source size determined by a least-squares fit. c, The experimentally obtained fringe visibility is consistent
with the fringe visibility obtained from the modelling, plotted for a 6–10 keV synchrotron spectrum with spatial profile of (super-) Gaussian to top-hat type.
Horizontal error bars are given by the fitting procedure (typically±30–40%) and vertical error bars are due to the noise in the experimental data
(typically ±0.03–0.04).

peak brightness than previous laser-driven betatron sources6,7.
Furthermore, we demonstrate that the radiation has an appreciable
degree of spatial coherence.

The experiment was carried out by focusing an intense short-
pulse (⌅30 fs, ⌅2 J) laser onto the front edge of 3, 5 and 10mm
helium gas jets (see Methods). A scintillating screen was placed in
the electron beam to measure its beam profile, and a permanent
magnet spectrometer to measure its energy spectrum. Electron
beams with narrow energy spread features were observed from
all nozzles, at electron densities of 4–22 ⇥ 1018 cm�3. As there
are consecutive phases of injection, the electron beam consists
of multiple beamlets, which could be seen in both profile and
spectral measurements14. For example, for an electron density of
8⇥1018 cm�3 on the 5mm nozzle, electron beams of W = (230±
70)MeV with ⇤W /W = (25±10)% energy spread at full-width at
half-maximum (FWHM)were observedwith an average of 2.2±0.4
beamlets per shot, with a root-mean-square (r.m.s.) divergence of
1.5⇥1.8mrad2 and r.m.s. pointing fluctuation of 4.8⇥4.7mrad2.
We typically measure 100–300 pC of charge in the beam. The

average and maximum energy of the electron beam follow the
typical wakefield electron density scaling law14,18.

With the electron beam deflected away from laser axis by the
spectrometer magnet, a bright (undeviated) beam of X-rays was
also observed co-propagating along the laser axis. It was imperative
to first prove that this X-ray source originates from the plasma itself.
To do this a grid of silver wires (60 µmdiameter, 310 µmseparation)
was placed a few centimetres from the target. X-rays originating
from the interaction region project the outline of the mesh onto
an imaging plate. A strongly directional beam of X-rays is evident
in Fig. 1a. When either the laser power or electron plasma density
was reduced to inhibit the electron beam, the X-ray beam also
disappeared, showing that the generation of the X-rays is linked to
the electron beam. The profile is elliptical, with a FWHMdivergence
of ⇥x ⇥ ⇥y = 4⇥ 13mrad2, corresponding to a wiggler parameter
K = ⇥� of Kx = 1.5 and Ky = 5 for a simultaneously measured
electron beam energy W = 200MeV. The X-ray beam pointing
is extremely stable, as can be deduced from Fig. 1b, which shows
the sum of five consecutive shots. Their combined divergence is

NATURE PHYSICS | VOL 6 | DECEMBER 2010 | www.nature.com/naturephysics 981

S Kneip, et al, Nature Physics, 6, 980 (2010)

Source size ≈ 3 µm

Modified synchrotron-like 
(i.e. broadband)



Phase contrast imaging for medical applications

Small source allows propagation based phase contrast imaging

X-rays develop a degree of spatial coherence on propagation

LWFA-betatron
Commercial 
x-ray tube

JM Cole, et al, PNAS, 115, 6335 (2018)



Phase contrast imaging for material science

AE Hussein, et al, Scientific Reports, 9, 3249 (2019)

Imaging quality compares well with a 
synchrotron (Swiss light source)



Ultrafast probing (sub 100 fs)

JC Wood, et al, Scientific Reports, 8, 11010 (2018)

(Inherently timed to laser for pump-probe applications)
Visualization of global lattice 
dynamics and structural changes: 
Electron or x-ray diffraction

Dynamics of complex 
structures:
X-ray phase contrast imaging

Kinetics of atomic transitions:

X-ray absorption spectroscopy

Z-H He, et al, APL, 102, 064104 (2013)
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Target normal sheath acceleration (TNSA)

Hot electrons expand 
into the vacuum setting 
up a sheath field

Thin foil

laser

Proton beam

S Hatchett, et al, PoP, 7, 2076 (2000)

✓ Creates proton beams that are
• Laminar (imaging quality ≥ 10 µm), 

transverse emittance < 0.004 mm mrad
• short-duration (~picosecond at source)
• high-flux proton beams (>1012 protons)

✓ Mature theory and well studied mechanism
✓ Robust enough to explore applications

Energy conversion efficiency ~ few %

✗ Broad, Maxwellian-like energy spread
(up to ~ 60MeV)

✗ Maximum ion energy scale with laser energy



Application: Proton deflectometry
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 stackQuasi-static electric or 
magnetic fields deflect 
protons according to the 
Lorentz force

Proton beam is accelerated (via TNSA):
Laminar acceleration – good spatial resolution
Short acceleration time – good temporal resolution
Maxwellian-like spectra

M Borghesi et al, Rev Sci Inst, 74, 1688 (2003); Laser and Part Beams, 20, 269 (2002)

Time-of-flight provides image 
sequence on film layers
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Imaging electromagnetic fields with protons
Magnetic reconnection
L Willingale et al, PoP, 17, 043104 (2010)
CAJ Palmer, et al., PoP, 26, 083109 (2019)

Channel formation
S Kar et al, NJP, 9, 402 (2007)
L Willingale, et al., PRL, 106, 105002 (2011)
L Willingale, et al., NJP, 15, 025023 (2013)

Magnetic field dynamics
P T Campbell, et al., PRL, 125, 145001  (2020)
P T Campbell, et al., in prep (2021)

Megagauss
(MG)

Proton Acceleration fields
L Romagnani et al, PRL, 95, 195001 (2008)

Collisionless shocks
L Romagnani et al, PRL, 101, 025004 (2008)

Ultrafast field 
propagation
K Quinn et al, PRL, 102, 194801 (2009)

Soliton formation
M Borghesi et al, PRL, 88, 135002 
(2002)

(this is a small subset of examples…)



Can we create a pair plasma in the laboratory?

Gamma ray burst
e+

e-

Positrons have the same mass as 
electrons, but opposite charge.

The mass symmetry removes the 
separation of fast and slow scales 
present in electron-ion plasmas. 
Tsytovich & Wharton (1978) Comments Plasma Phys. Controlled Fusion (1978)

Collisionless shocks of relativistic pair 
plasma could be drivers of gamma 
emission.
Liang et al. Scientific Reports (2015) Sarri et al. Nature (2015) 

Materials from Hui Chen (LLNL)



Pair plasma in the laboratory?
Laser plasma interactions can generate dense, relativistic energy electron beams

H Chen, et al., PRL, 102, 105001 (2009)

G Sarri, et al., PRL, 110, 255002 (2013)

Require a large enough number of 
positrons for the system to be:
• Sufficiently dense
• Within a volume larger than the 

Debye length and skin depth
• For timescales longer than the 

phenomena of interest



ZEUS laser facility

= 1021 W

Critical field
Ec ~ 1018 V/m

Zettawatt-Equivalent Ultrashort Pulse Laser System

Electric field strength (V/m)
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Brain wave

air breakdown  

Van der 
Graaf 
generator  

Electric field of 
hydrogen ground state

Electron accelerated to rest 
mass energy in 1 µm

Vacuum breakdown: spontaneous 
creation of electron-positron pairs

Current laboratory record
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ZEUS laser facility

Zettawatt

Equivalent

Ultrashort pulse laser

System

= 1021 W

Critical field
Ec ~ 1018 V/m

ZEUS power = 3 PW = 3 x 1015 W
(Highest power laser in the USA)

In the rest frame of reference, a GeV electron 
beam the intensity experienced will be 
equivalent to a Zettawatt power pulse!

Zettawatt-Equivalent Ultrashort Pulse Laser System

1022 W/cm2 laser pulse

GeV electron beam

User facility: due to be operational late 2023



QED in strong fields

• We saw a relativistic plasma is generated above the classical nonlinear 
parameter threshold:

𝑎 =
𝑒𝐸𝜆
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• For electromagnetic fields exceeding the Quantum nonlinearity 
parameters, we can generate matter/anti-matter from light
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Creating QED-plasmas
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Extreme Plasma Physics

Coupling between QED processes and 
relativistic plasma physics introduces 
new behavior

determined by their classical dynamics in the laser field alone without
the influence of collective effects, i.e., it is “single particle electro-
dynamics.” As the density of particles increases, collective plasma
effects start to dominate the single particle dynamics. The boundary
between collective and single particle motion is defined using the
threshold where the Coulomb force due to the fully perturbed
(dn=n ! 1) plasma balances the ponderomotive force due to the laser,
a0 ¼ 4prene=k20, where ne is the electron number density. This is
when the interaction enters the domain of “relativistic plasma phys-
ics,” in which interesting physics phenomena such as plasma wakefield
acceleration22 and laser driven ion acceleration5,23,24 may occur. Even
higher particle densities result in particle kinetic energies becoming
equivalent to their Fermi energy, which is characteristic of the
“degenerate plasma” regime. The Fermi energy for relativistic plasma

is EF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
!h2ð3p2neÞ2=3c2 þm2

e c4
q

&mec2.
At higher laser intensities but low particle densities, the interac-

tions are in the domain of “high intensity particle physics.” Here, the
particle dynamics is dominated by radiation emission and quantum
processes including interactions with the quantum vacuum, but collec-
tive effects are negligible. For example, light-by-light scattering,
thought to be responsible for the attenuation of x-rays by background
light in cosmology, is such a process. Under certain conditions, the
spontaneous generation of electrons, positrons, and photon plasma in
strong fields becomes possible, which is usually referred to as EM cas-
cades (shower or avalanche type, see discussion below in Sec. III B).
This prolific plasma creation in high-intensity laser fields rapidly
pushes the interaction into the “QED plasma physics” domain, where
both collective and quantum processes determine the particle dynam-
ics. Production of dense electrons, positrons, and photon plasma will
provide new opportunities for laboratory studies of the most extreme
astrophysical environments.

There are two natural QED thresholds in this picture, the QED
critical field in the laboratory frame (dotted red line) and the QED
critical field in the particle rest frame (solid red line). Experimental
results achieved to date all lie below the dotted line in Fig. 1, including
demonstrations of matter creation from light18 and quantum radiation
reaction.41,42 Theoretical research studies have only recently started to
explore physics beyond this boundary. Already at this threshold, the
particle dynamics is dominated by radiation emission and is not
completely understood because of the approximations required in the
theory to obtain tractable solutions. Hence, achieving supercritical
fields in plasma is a frontier area of research.

D. Connections to astrophysics
QED plasma is of interest in many fields of physics and astro-

physics. The new plasma state that is created in the presence of

supercritical fields is similar to that thought to exist in extreme astro-
physical environments including the magnetospheres of pulsars and
active black holes. Electron–positron plasmas are a prominent feature
of the winds from pulsars15 and black holes.16 In these environments
where the fields are typically purely magnetic and particles are typi-
cally ultra-relativistic, one can use the crossed-field configuration in
place of a magnetic field. This is because E ' B is a Lorentz invariant,
and the angle between B0 and E0 in the boosted frame is set by
B0 ' E0=jB0jjE0j ¼ B ' E=jB0jjE0j. Furthermore, E2 & B2 is an invariant,
so jB0jjE0j ¼ jE0j2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðB2 & E2Þ=E02

p
. Hence, if the boosted electric

field jE0j( jEj; jBj, then the angle between E0 and B0 in the boosted
frame is cos h ) ðE ' BÞ=jE0j2 * 1. Hence, ultra-relativistic particles
see, in their rest frame, an arbitrary field as approximately crossed.

The recent release of the first image of a black hole43 is expected
to inspire new interest in the study of relativistic electron–positron
plasma physics. The 1.3mm wavelength image reveals an asymmetry
in brightness in the ring, which is explained in terms of relativistic
beaming of the emission from a plasma rotating close to the speed of
light around a black hole. Some of the models suggest that the mm
emission is dominated by electron–positron pairs within the funnel,
even close to the horizon scale.44,45 Electron–positron pairs are
produced from the background radiation field or from a pair cascade
process following particle acceleration by unscreened electric fields.
These processes would efficiently emit gamma-rays via curvature and
inverse-Compton processes.45 The suppression of emission from the
disk and funnel wall and the simultaneous production of a sufficiently
powerful jet would be subjects of future research using pair plasma
models.44 The study of relativistic plasmas in supercritical fields in the
laboratory may help us better understand this and other extreme
astrophysical events, such as gamma ray bursts.46

III. STRONG FIELD QUANTUM ELECTRODYNAMICS:
RECENT DEVELOPMENTS

While the Sauter–Schwinger process (electron–positron pair pro-
duction in vacuum) is inaccessible by present day laser and accelerator
technologies, the multi-photon Compton and Breit–Wheeler processes
have already been observed in experiments.18,41,42 In principle, the
scope of SF QED is much wider and includes the study of strong field
effects on elementary particle decays and the searches of the physics
beyond the standard model.8,17 However, in terms of their effects on
plasma interactions, these lowest order processes are dominant.

Most of the classical SF QED results were obtained by assuming
a plane monochromatic wave or a constant crossed field (jEj ¼ cjBj
and E?B) since these two configurations allow analytical formulas for
the probabilities of Compton and Breit–Wheeler processes8,17,47 to be
obtained quite easily. However, due to the pulsed nature of strong
lasers, it became clear that the plane wave approximation is not able to
adequately describe the physics of these processes. Moreover, in such
fields, multi-staged processes dominate the interaction, i.e., the mean
free path of an electron or a positron with respect to the probability of
radiating a photon is smaller than the characteristic size of the pulsed
field. The same is true for a photon decay into an electron–positron
pair. These considerations led to the study of Compton and
Breit–Wheeler processes in short pulsed fields and to the first steps in
the study of multi-staged processes, including double Compton48,49

and trident.50–52 These studies are intrinsically connected with the cal-
culation of higher order Feynman diagrams, which, at certain field

FIG. 3. The coupling of QED processes and relativistic plasma dynamics.
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P. Zhang et al, Phys. Plasmas (2020)

Extreme plasma physics is the area of many-body interactions in quantum 
electrodynamics – i.e. relativistic plasma interacting with electromagnetic fields.

…After the first second, until the 
appearance of light nuclei (3 mins) is the 
lepton era - dominated by electron, 
positron, and photon plasma. 

Lepton era 

https://physics.aps.org/articles/v10/114

binary neutron 
star merger

https://physics.aps.org/articles/v10/114


Multi-Petawatt lasers are the first step towards generating plasma 
from light

Workshop on Opportunities, Challenges, and Best Practices for Basic Plasma Science User Facilities (arXiv:1910.09084) 

setups. The following discussion is mostly aimed at !1lm lasers,
which are the most prevalent and technologically advanced ultra-high
peak power laser technology today. An alternative is beam-beam inter-
actions (see Ref. 153 for further details).

1. Stage 1 (facility)

The study of basic quantum processes of strong field QED in the
high-intensity particle-physics regime together with the relativistic
plasma physics phenomena can be carried out at a PW-class laser facil-
ity featuring an additional colliding beam. This could mean either with
two laser beamlines, with one of them being used for particle accelera-
tion, or with a laser and an external electron beam. The main laser
beamline with power Plaser should be focusable to a spot-size of order a
wavelength klaser such that the product ðEbeam ½GeV$Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Plaser ½PW$

p

ðklaser ½lm$Þ&1 ' 1, where Ebeam is the beam energy. Apart from the
stability and high repetition rate,158 such facility should be able to pro-
vide the parameters of interaction, which would allow the experimental
mapping of the transition from the classical to quantum description of
the interaction. This means that the parameter v should vary from 0.1
to 10, i.e., 2( 105 < ca0 < 2( 106. These parameters do not look
extreme for the existing laser facilities since the current record for
the laser wakefield acceleration (LWFA) electron beam is !8 GeV
(or c ) 1:6( 104),159 and the peak laser intensity achieved so far is
5:5( 1022 W/cm2,25–27 which is a0 ! 130. Thus, these parameters can
be achieved by employing either a PW laser and a 10GeV electron
beam or a few GeV electron beam and a multi-PW laser pulse.

Though this setup is similar to that used in E144 experiment at
SLAC, and in two recent ones at GEMINI, it is of critical importance
to study SF QED effects in such a configuration with higher laser

intensity, so that the threshold v ¼ 1 can be exceeded for the first
time, and with significantly higher precision and higher statistics.
Thus, such facility should be capable of producing high-energy high-
intensity, stable, and high repetition rate collisions between an electron
beam and a laser pulse, allowing for the experiments with statistical
significance, i.e., “science with error bars.”

2. Stage 1 (experiment)

The experiments at such facility will be aimed at the study of elec-
tron beam collision with an intense laser pulse. Thus, the facility will
be able to provide insights into a number of important SF QED prob-
lems. It would provide a testbed for PIC QED codes and analytical cal-
culations, testing the plane wave and local constant crossed field
approximations. It will probe the interplay between lepton spin effects
and the overall plasma dynamics. At high values of v, these facilities
will generate multi-staged processes, where Compton and
Breit–Wheeler processes will follow each other in quick succession
multiple times, i.e., shower type cascades. Moreover, these facilities
may map a way toward new high brightness sources of high energy
photons and positrons, which can be utilized for different applications
in fundamental physics and materials science. In addition, laser ion
acceleration experiments can be conducted at such facilities, with laser
intensities high enough to probe the onset of SF QED effects during
the interaction. This would help to map the transition from the relativ-
istic plasma physics domain into the QED-plasma domain. These
facilities will mainly operate in the single particle relativistic electrody-
namics, high-intensity particle physics, and relativistic plasma physics
parameter space (see also Fig. 1).

FIG. 8. Timeline of the QED-plasma studies envisioned as a three-stage process with a facility at intermediate laser intensities for the study of fundamental strong-field
QED processes, a multi-beam facility at high laser intensities to study the interplay between collective plasma effects and strong-field quantum processes, and a facility
based on the laser-plasma collider to study the ultimate limits of SF QED.
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Short-Pulse Driven Relativistic Plasmas
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Michigan Institute for Plasma Science 
and Engineering

Director: Prof Mark Kushner
69+ faculty members from

UM, MSU and more…

Activities
• Seminar Series (also webcast)
• Graduate Symposium
• Graduate Certificate
• Job Opportunities
• Outreach activities
• Plasmas in our Lives (video interviews of 

seminar speakers)
• Entry point for industrial interactions – many 

opportunities for engagement
• mipse-central@umich.edu

A collaborative support organization for 
research, education and industrial 
interactions for plasma science and 
engineering

• Focal point for university wide activities in 
plasmas and interactions with Federal agencies.

• Opportunities for collaborative research across 
departments.

• Seed research activities to attract center-level 
funding.

• Enhance graduate education in PSE.
• Facilitate research with industry.
• Outreach to broader community.
• Discipline resource for career opportunities.



Plasmas in our lives: 
https://mipse.umich.edu/life_overview.php

>60 Short intro videos of the MIPSE seminar speakers
• Top researchers from around the world
• Wide range of plasma topics

https://mipse.umich.edu/life_overview.php



